Abstract. Nighttime ionospheric D-region heights and electron densities are determined from an extensive set of VLF radio phase and amplitude observations. The D-region parameters are characterized by the traditional H' (height in km) and β (sharpness in km -1 ) as used by Wait and by the US Navy in their Earth-ionosphere waveguide programs. The VLF measurements were made with several frequencies in the range 10 kHz to 41 kHz on long, mainly all-sea paths, including Omega La Reunion and Omega Argentina to Dunedin, New Zealand, NAU (Puerto Rico) and NAA (Maine, USA) to Cambridge, UK, and NPM (Hawaii) to San Francisco.
Introduction
Ocean Systems Center (NOSC), has developed computer programs (MODESRCH, 22 MODEFNDR, LWPC -Long Wave Propagation Capability) which take the input path 23 parameters, calculate appropriate full-wave reflection coefficients for the waveguide boundaries, 24 and search for those modal angles which give a phase change of 2π across the guide, taking into 25 account the curvature of the Earth [e.g. Morfitt and Shellman, 1976] . Further discussions of the 1 NOSC waveguide programs and comparisons with experimental data can be found in Bickel et 2 al. [1970] , Morfitt [1977] , Ferguson [1980] , Morfitt et al. [1981] , Pappert and Hitney [1988] , 3 CCIR [1990] , Thomson [1993] , Ferguson [1995] , Cummer et al. [1998] , Thomson 4 [2000, 2004] , Thomson and Clilverd [2001] , Thomson et al. [2005] , and Cheng et al. [2006] .
5
The NOSC programs can take arbitrary electron density versus height profiles supplied by the 6 user to describe the D-region profile and thus the ceiling of the waveguide. However, from the 7 point of view of accurately predicting (or explaining) VLF propagation parameters, this approach 8 effectively involves too many variables to be manageable in our present state of knowledge of 9 the D-region. As previously [Thomson, 1993; McRae and Thomson, 2000] , we will follow the 10 work of the NOSC group by characterizing the D-region with a Wait ionosphere defined by just 11 two parameters, the 'reflection height', H', in km, and the exponential sharpness factor, β, in km -1 12 [Wait and Spies, 1964] ; the studies referenced in the previous paragraph also found this to be a amplitudes and phases [Thomson, 1993; McRae and Thomson, 2000] . all-sea paths recorded on SCODAR VLF receivers [Thomson, 1993] powers of the Omega transmitters were well-known (at 10 kW), the absolute amplitudes at the 10 receiver were normally not readily measured because of problems associated with the 10-second 11 cycle of radiated frequencies. This use of day-night differences removes the need for any 12 accurate knowledge of either the transmitter's radiated power or phase. the sun was not high enough in the sky for all the path to be fully day lit and readily modeled.
The differences between these average lines in each panel thus give the observed differences in 6 amplitude and phase between night and (equinoctial/summer) mid-day in each case.
7
In the lower two panels of Figure 2 , results for LWPC calculations for Omega Argentina on give the best fits for 13.6 kHz. days was assumed, while for the less active period the recovery was assumed to be just one day. The interpretation of the day-night phase change in the second top panel of Figure 9 transmitters and paths, it can be seen from Figure 9 that, for NAU at Cambridge, the best 6 nighttime ionospheric fit is for H' = 84.9 km and β = 0.63 km -1 . SCODAR receiver [Thomson, 1985] . These amplitudes are shown in the top panel of Figure 11 Recordings were available for a number of other mid-latitude (nearly) all-sea paths. [NO] at this height as ~1.5 x 10 6 cm -3 from Haloe [Friedrich et al., 1998] , and the NO cross-2 section as 2 x 10 -18 cm 2 [Banks and Kockarts, 1973] , the ionization rate is ~7.5 x 10 -4 cm -3 s -1 . The 3 recombination rate for NO + + e -is ~4.5 x 10 -7 cm 3 s -1 at ~200 K [Sheehan and St.-Maurice, 2004] . recombination as discussed later in this sub-section, and also there will be additional production 12 due to galactic cosmic rays (GCR) for which the low-latitude ionization rate is 1.74 x 10 -18 s -1 13 [Heaps, 1978] . From MSIS, the molecular number density at 85 km is ~1. Aikin & Goldberg, 1973; Swider, 1984; Kopp, 1997] .
4
On going down below 85 km, a number of extra electron loss processes become very 5 significant quite rapidly. One of these is the formation of water cluster ions, the rate of formation 6 of which depends on the product of [H 2 O], which increases more rapidly than the neutral density 7 [Reid, 1977] found. The first of these (ie well before dawn) is in good agreement with the densities found here 9 at 80 km ( Figure 12 ). At 90 km, the 1964 Wallops Island results gave ~300 cm -3 compared with 10 500 cm -3 in Figure 12 . However, many other rocket results, such as those discussed below have 11 given ~1000 cm -3 . Also by 90 km most of the VLF reflection has occurred; so the VLF 12 sensitivity at 90 km is fairly low. flights, but using a good range of frequencies and nearly all-sea paths, during which continuous 6 amplitude data was taken so that the details of the modal interference patterns were recorded and 7 then later fitted to trial calculations using appropriate ranges of H' and β. Morfitt et al. [1981] 8 summarize these results, including those of Bickel et al. [1970] , with nighttime H' fits in the range 9 85.5 -89 km and nighttime β fits in the range 0.3 -0.7 km -1 . These best fit parameters tended to 10 vary not only from path to path and flight to flight but also with frequency. This could be due to factors associated with the ground, such as lower conductivity than expected 24 or scattering due to irregularities in conductivity in the ground or at the surface (mountains).
Comparison with Rocket and Radar Electron Densities

25
There is also the possibility that LWPC, being based on discrete modes, does not perform so well Argentina path is too, because the Argentina path has much lower L-value, the lie of the land 
